huge economic losses in grouper aquaculture in Taiwan. The present study developed a real-time quantitative PCR (qPCR) method for NNV monitoring. The assay showed a strong linear correlation (r 2 ‫؍‬ 0.99) between threshold cycle (C T ) and RNA quantities, which allowed identification of infected groupers by the C T value and could be exploited to warn of NNV infection prior to an outbreak in grouper fish farms. Real-time qPCR also confirmed the copious content of NNV in grouper fin, similar to that in primary tissues; the result was verified by using in situ reverse transcription-PCR (RT-PCR). This indicated that grouper fin was a suitable sample for NNV detection, in a manner that could be relatively benign to the fish. The rapid spread of NNV infection to the entire population of affected farms was evident. The developed real-time qPCR method is rapid, highly sensitive, and applicable to routine high-throughput detection of large numbers of samples and has potential as a suitable tool for diagnostic, epidemiological, and genetic studies of grouper aquaculture.
More than 50 different species of grouper inhabit the tropical waters around Taiwan; some have been farmed since 1979. Key aquaculture techniques on an industrial scale have been well established. During that time, considerable economic losses have been sustained in grouper aquaculture due to the infection of grouper by piscine nodavirus belonging to the family Nodaviridae and genus Betanodavirus (2) . The infection causes viral nervous necrosis (VNN) in Asia (24) and viral encephalitis and retinopathy in Europe (27) on grouper hatchery-reared larvae and juveniles, resulting in a high mortality rate (80 to 100%). This pathogen can also infect a wide range of marine fish species globally (15, 16, 24) .
Most Betanodavirus viruses are neuropathogenic viruses that cause damage throughout the central nervous system, which can be characterized by the vacuolation and degeneration of neurons (14, 22) . The clinical signs of VNN-infected larvalstage grouper are abnormal schooling and swimming behavior (whirling and spiraling) and loss of appetite. The Betanodavirus genome is segmented and consists of two or three segments (RNA1, RNA2, and RNA3) of linear positive-sense, singlestranded RNA (9, 14) . RNA1 (3,100 bp) encodes protein A, which is the viral part of the RNA-dependent RNA polymerase. RNA2 (1,400 bp) encodes the capsid protein (12, 17) . RNA3, a subgenomic transcript of RNA1, encodes protein B2
and is present only in the nucleus of a virus-infected cell but not in the viron (7, 26) .
Current diagnostic detection methods for nervous necrosis virus (NNV) are based on histopathology and PCR. PCR is the most sensitive and commonly used method but suffers from a limited ability to detect low copy numbers of the viral genome in infected tissue. Detection and quantification of viral RNA by reverse transcription-PCR (RT-PCR) and real-time quantitative PCR (qPCR) have been very popular due to their high sensitivity and reliable specificity (1, 8, 13) . Successful detection of viral RNA requires control of the variation of the initial amount of RNA from samples, the amount and integrity of isolated RNA, and the efficiency of the RT-PCR protocol (8) .
In this study, a highly sensitive real-time qPCR method and a novel approach that allows quantification of NNV RNA2 from living groupers were developed. Visual inspection of the melting curve (23) revealed the results immediately without any further analyses. Using quantitative methods specific for viral pathogens in aquaculture allows for the collection of valuable information, contributes to the knowledge of viral epidemiology in this case, provides an early warning of NNV infection prior to disease outbreak, and can be exploited in monitoring the transportation of live and frozen grouper fish between countries. The present method may represent a valuable tool for diagnostic, epidemiological, and genetic studies in grouper aquaculture.
MATERIALS AND METHODS
Fish samples, tissues, and cells. Twenty-four different grouper aquaculture farms in eight different areas of southern Taiwan ( Fig. 1 and Table 1) were sampled. The 144 groupers that were collected were transported alive to a laboratory at National Cheng Kung University (Fig. 1) . Six random asymptomatic groupers ranging in size from 0.5 to 3 in. were obtained from the individual grouper aquaculture farms. These fish were maintained in a fish tank (1 by 0.5 by 0.5 m) with constant aeration and a water temperature of 28 Ϯ 2°C for 2 weeks. A commercial diet was fed daily to satiation. Initially, groupers from the same fish farm were maintained as a group, resulting in 24 groups.
Samples of brain, eye, gill, fin, head kidney, heart, intestine, liver, muscle, and spleen tissues were obtained from juvenile fish that displayed clinical signs of NNV infection. The infected juvenile grouper fish were collected from three different grouper aquaculture farms in Kunshen in 2004. The experiments were repeated three times, and five diseased juvenile groupers were collected from individual fish farms for each experiment.
Grouper fin cells (GF-1, BCRC 960094) were obtained from the Bioresources Collection and Research Center (BCRC) in Taiwan. Grouper liver (GLa) cells and grouper kidney (GK) cells were kindly supplied by H. L. Yang, National Cheng Kung University, Taiwan. The cells were grown in a humidified incubator operating at 28°C in an antibiotic-free L15 medium (Life Technologies, Carlsbad, CA) supplemented with 5% (vol/vol) heat-inactivated fetal bovine serum (FBS) (3) .
Virus isolation and purification. Grouper NNV (gNNV) was isolated from naturally infected groupers (Epinephelus lanceolatus) collected in 2004 in Jiading, Taiwan (22) . Virus was isolated from fin tissue. The tissues were frozen in liquid nitrogen and homogenated in 10 volumes of L15 medium, centrifuged at 10,000 rpm for 20 min, and the supernatant fraction was passed through a 0.22-m filter and stored at Ϫ80°C until used.
For collection of virus particles, the isolated virus was cultured in GF-1 cells, and the cells were collected when 90% of the cells displayed a cytopathic effect (CPE). L15 medium containing GF-1 cells and NNV were mixed with 2.2% NaCl and 5% (wt/vol) polyethylene glycol (PEG) 8000 and centrifuged at 10,000 ϫ g for 1 h at 4°C. The pellet was resuspended in 2 ml TES (N-tris(hydroxymethyl) methyl-2-aminoethanesulfonic acid) buffer, mixed with an equal amount of Freon 113, and shaken vigorously for 5 min. Supernatants were combined and mixed with 3 ml, 3 ml, and 2 ml of 40%, 30%, and 20% CsCl, respectively. CsCl density gradients were formed by centrifugation in a Beckman SW40Ti rotor (Beckman Coulter, Fullerton, CA) at 35,000 rpm for 16 h at 4°C. Syringes were used to collect 3 ml of the virus-containing fraction, which was diluted 10-fold using TES buffer.
Primer design for amplification of NNV coat protein fragment. The primer pair (203-F, GACGCGCTTCAAGCAACTC, and 203-R, CGAACACTCCAG CGACACAGCA) was designed by alignment of 18 different NNV coat protein cDNA sequences (see Table S1 in the supplemental material) from the National ϩ, fin tissue samples had NNV signal by real-time qPCR (C T value between 12 and 24); Ϫ, fin tissue samples had no NNV signal by real-time qPCR (C T Ͼ 32); ‡, test results of NNV detection for the same sampled fish by real-time qPCR after 2 weeks; §, the fish samples collected from the same fish farm were pooled together in a fish tank and labeled the same number as the fish farm. RNA isolation, cDNA synthesis, RT-PCR, and virus copy number. A piece of fin tissue sampled from each grouper was subjected to the following RNA extraction procedure. RNA extraction from the homogenated fin tissue and pure NNV particles was performed using TRIzol reagent (Invitrogen, Valencia, CA) according to the manufacturer's protocol. Briefly, for 100 mg tissue, 1 ml TRIzol reagent and an additional 200 l of ice-cold chloroform were added. Isopropanol was used to precipitate RNA, and the RNA pellet was then resuspended in diethylpyrocarbonate-treated water.
Reverse transcription was performed with Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega, Madison, WI) according to the manufacturer's protocol. Two micrograms of the extracted total RNA was used as template, and specific primer pairs (203-F and 203-R) were used for PCR, which involved 94°C for 5 min and 35 cycles of 94°C for 40 s, 55°C for 40 s, 72°C for 40 s, and 72°C for 5 min.
RNA samples isolated from purified virus and cDNA were quantified using an Ultrospec 3300 Pro spectrophotometer (Amersham Biosciences, Piscataway, NJ), and dilutions were made using sheared salmon sperm DNA (5 ng ml Ϫ1 ) as a diluent. The plasmid with the virus gene (RNA2) was used as a standard for the calculation of the viral copy number. The viral copy number was identified by the molecular weight (one virus particle ϭ 1. In situ RT-PCR. Fin tissues from both healthy and infected 3-inch-long groupers were fixed overnight in freshly prepared 10% formaldehyde solution and embedded in paraffin. Four-micrometer-thick sections were cut using a Leica CM 1900 microtome (Leica Microsystems, Nussloch, Germany), mounted on a polylysin-coated slide, deparaffinized in xylene for 5 min, and dehydrated with a graded series of ethanol solutions (30, 50, 70, 85, 95, and 3 ϫ 100%; each containing 0.85% NaCl). Tissues were then stained with hematoxylin-eosin (H&E). In situ RT-PCR was modified from a previously described regimen (21) and was done using a DIG probe synthesis kit and DIG nucleic acid detection kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. The sections were visualized using an Axiovert 40 microscope (Carl Zeiss, Gottingen, Germany), and images were captured using a SPOT RT3 camera (Spot Imaging Solutions, Sterling Heights, MI).
Evaluation of real-time qPCR data. Real-time qPCR data were analyzed by the 7000 sequence detection system (version 1.0). In the system, the fluorescence of SYBR green against the internal passive reference dye ROX (⌬R n ) is measured at the end of each cycle. A sample is considered positive when the ⌬R n value exceeds the threshold value. The threshold value is set at the midpoint of the ⌬R n versus the cycle number plot. For all the amplifications described in this study, the threshold value of ⌬R n was set as 0.25. The threshold cycle (C T ) is defined as the cycle at which a statistically significant increase in R n is first detected. Target cDNA copy number and C T values are inversely proportional. Compared to a sample with a low copy number of the target gene, a sample which contains a high copy number of the same gene will cross the threshold at an earlier cycle. The copy number of the NNV sample is determined by normalizing the C T values of the samples and then extrapolating the normalized C T values to the standard curve of the corresponding virus (see Fig. S1 and Tables S2 and S3 in the supplemental material).
RESULTS
Specificity test of designed primer pair. The designed primer pair (203-F and 203-R) was specific to the grouper NNV coat protein gene ( Fig. 2A) and produced no PCR artifacts and primer dimers (Fig. 2A, lane N) . Other grouper pathogens, such as iridovirus and Vibrio anguillarum, and grouper fish genomes (E. coioides, E. lanceolatus, and E. fuscoguttatus genomes from non-NNV-infected fish) were not amplified by the primer pair ( Fig. 2A) .
Sensitivity test of the conventional PCR assay on gel. The analytical sensitivity of PCR was initially optimized using a plasmid (pGEM-T-NNV) containing the NNV coat protein gene or cDNA obtained from viral RNA. PCR and the RT-PCR detection limitation on the plasmid (Fig. 2B ) and virus particles (Fig. 2C) , respectively, revealed that the use of 10-fold serial dilutions of pGEM-T-NNV, and virus particles as templates, permitted detection of as few as 100 cDNA copies (Fig. 2B ) and 1,900 virus copies (Fig. 2C) .
Sensitivity test of the real-time qPCR assay. For real-time qPCR, the melting curve for the 203F and 203R primer pair was 85°C. The standard curve was generated by 10-fold dilutions of the plasmid (1 ϫ 10 9 to 1 ϫ 10 1 copies) (see Fig. S1A and Table S2 in the supplemental material)/virus (1.9 ϫ 10 10 to 1.9 ϫ 10 2 copies) (see Fig. S1B and Table S3 in the supple- mental material), and accurate measurement of the assay was evaluated by linearity parameters, e.g., assay regression coefficient (r 2 ) values of Ն0.99 and 100% reaction efficiency. In addition, the mean C T values of replicate assays ranged from 5.17 Ϯ 0.09 (for 1 ϫ 10 9 copies) and 6.09 Ϯ 0.06 (for 1.9 ϫ 10 10 copies) to 36.01 Ϯ 0.66 (for one copy) for plasmid DNA and 36.52 Ϯ 1.65 (for 1.9 ϫ 10 2 copies) for viral cDNA, respectively (see Fig. S1A and S1B and Tables S2 and S3 in the supplemental material). Serial dilutions of plasmid DNA/viral cDNA were used to examine the variability of the real-time qPCR assay in determining the value of the coefficient of variation (CV). The CV was 0.9% to 6.34% for the plasmid assay (see Fig. S1A and Table S2 ) and 0.34% to 5.07% for the viral assay (see Fig. S1B and Table S3 ).
NNV spread in fish farm populations. During the investigation of the NNV infection of 24 different grouper aquaculture farms, which involved monitoring the same fish for 2 weeks in the laboratory, fin tissue samples from the first sampling day (test result) and 2 weeks later (tracking test result) were subjected to real-time qPCR analysis. The results revealed the rapid spread of NNV, which contaminated the entire tank within the 2-week period (Table 1 ). In fish farms/tanks 11 and 19, only one in six (16.6%) grouper fish were identified as NNV infected by real-time qPCR in the test result, whereas the tracking test results for both samples were 100% within 2 weeks. In fish farms/tanks 5, 8 and 17, no NNV (0%) was detected from six randomly collected fish in the test and tracking test results (Table 1) .
Brain, eye, and fin tissues from NNV-infected fish contain a large number of NNV. The organs (brain, eye, gill, fin, head kidney, heart, intestine, liver, muscle, and spleen) from NNVnaturally infected grouper could be classified into two groups according to the real-time qPCR results for NNV. One group (brain, eye, and fin) contained Ͼ10 9 copies of the NNV coat protein gene per gram tissue, while the other group (gill, head kidney, heart, intestine, liver, muscle, and spleen) had Ͻ10 7 copies of NNV coat protein gene per gram tissue (Fig. 3) . Grouper fin tissues contained a copious number of NNV similar to that for the primary tissues and 100-fold higher than that for the other tissues (Fig. 3) .
NNV propagation in fin tissue cells is higher than that in liver and head kidney cells. From the cell line experiments, grouper fin, liver, and kidney cells were used to culture NNV. The results showed that more NNV could be reproduced in fin cells (GF-1) than in liver and head kidney cells at 5 days postinfection (p.i.) (Fig. 4) . In grouper liver (GLa) cells and head kidney (GK) cells, the amount of NNV (1.0 ϫ 10 8 to 1.0 ϫ 10 9 copies per ml for GLa cells and 1.0 ϫ 10 7 to 1.0 ϫ 10 8 copies per ml for GK cells) stabilized after 1 and 2 days p.i., respectively. But, in grouper fin cells (GF-1 cells), NNV continued to amplify (1.0 ϫ 10 11 to 1.0 ϫ 10 12 copies per ml) until 5 days p.i. (Fig. 4) . During the first 2 days p.i., the amount of virus in GLa and GK cells amplified very rapidly (Ͼ1,000-fold) but that in GF-1 cells was amplified only Ͼ100-fold. However, at 5 days p.i., the amount of virus in GF-1 cell increased 10 million-fold from that in the initial inocula (Fig. 4) . Monitoring the development of the cytopathic effect (CPE) after NNV infection of GF-1 cells (Fig. 5) revealed that Ͼ50% of the infected cells become rounded, swollen, detached, and lytic by 3 days p.i. By 5 days p.i., the disintegration of cells was evident (Fig. 5) .
Grouper fin tissue contains NNV. Four-micrometer-thick sections of NNV-infected grouper fin tissues (for the location of the sampled tissue, see Fig. 6A ) were hybridized with the 203NNV probe (amplified by 203-F and 203-R). A positive reaction was characterized by a dark precipitate in fin tissues (Fig. 6B) . The dark precipitation spots accumulated in the nuclei of osteocytes in the spiny dorsal fin. No positive reaction was found in fin tissue from NNV-free groupers (Fig. 6D) . H&E staining revealed fewer cells in the NNV-infected fin FIG. 3 . Real-time qPCR results for NNV copy number in different organs of infected groupers. Brain, eye, gill, fin, head kidney, heart, intestine, liver, muscle, and spleen were obtained from groupers naturally infected with NNV. Within those organs, brain, eye, and fin contained Ͼ10 9 copies of NNV coat protein gene per gram tissue, and the other organs (gill, head kidney, heart, intestine, liver, muscle, and spleen) had Ͻ10 7 copies of NNV coat protein gene per gram tissue. The experiments were repeated three times, and six fish samples were examined each time. copies of NNV per ml, which was isolated from naturally infected groupers. Cells were sampled separately at days 0, 2, 3, 4, 5, 6, 7, 8, and 9 after inoculation. RNA was isolated from the samples, cDNAs were quantified by real-time qPCR, and then the copy number of NNV was determined and calculated according to the molecular weight of NNV. The data show the NNV RNA copies per ml from the sample.
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on June 28, 2017 by guest http://jcm.asm.org/ tissues (Fig. 6C ) than in NNV-free infected fin tissues (Fig.  6E ), indicative of cell death upon NNV infection. C T value as an indicator of NNV infection. Twenty-four grouper aquaculture farms and six fish from each farm were sampled for NNV infection by the examination of fin tissues and the monitoring of the same collected fish for 2 weeks. From 36 NNV-infected grouper fish and 11 healthy groupers (i.e., absence of symptoms of NNV infections) (see Table S4 in the supplemental material), fin tissues were collected for the detection of NNV infection without need of fish sacrifice. NNV-infected and healthy grouper displayed C T values of 12 to 24 and 29 to 32, respectively ( Fig. 7 ; see also Table S4 ). 
DISCUSSION
NNV infection is a serious problem in grouper farming. Mortality in hatchery-reared larvae and juveniles can reach 100% of the population. A rapid and reliable technique for detecting virus-infected fish could circumvent an outbreak and so is an important and very desirable goal. Many methods had been developed to detect and quantify infectious virus particles, such as cell culture-based methods, immunohistochemistry and enzyme-linked immunosorbent assay; all are time-consuming and complicated. Some methods can detect only fish that display clinical signs of NNV infection but not fish that are asymptomatic in the early stage of infection. Therefore, predictive information is crucial for disease control in fish farms (6) .
Different methods detecting virus have various levels of sensitivity. In recent years, real-time qPCR has been shown to satisfy the need for fast, reliable, and accurate quantification and sensitive diagnostic testing with a reduced risk of carryover contamination (6, 28) . The presently developed method was capable of detecting from 1.0 ϫ 10 9 copies to as low as two copies per reaction. Detection of two virus copies per reaction can easily identify fish recently infected with NNV that have been hitherto clinically silent and represents the most sensitive detection method described to date (5, 8, 10, 18, 19) . Moreover, a linear regression of over 0.99 (r 2 Ͼ 0.99) produces a CV from 0.9% to 6.34% for the plasmid assay and 0.34% to 5.07% for the viral assay, indicating that the assays are highly reproducible. The high sensitivity combined with its wide detection range makes the present method ideal for detecting NNV infections in different tissues.
The actual application of the real-time qPCR method to fish farms showed that monitoring the disease in individual fish was possible by sampling fin tissues. The results from the investigation of the NNV infection of 24 different grouper aquaculture farms for 2 weeks also revealed the rapid spread of NNV to the entire population ( Table 1 ). The results indicated that NNV is highly infectious horizontally and causes a high mortality rate (100%).
NNV can be detected in brain, eye, gill, skeletal muscle, liver, pyloric gland, intestine, and blood cells in the heart of diseased juvenile grouper by in situ hybridization (4). In larvae of striped jack (Pseudocaranx dentex), NNV can be detected in the spinal cord, brain, and retina tissues (11) . Presently, similar results were obtained, in which the brain and eye in NNVinfected juvenile grouper contained over 1.0 ϫ 10 9 virus copies per gram tissue; other tissues, including the gill, head kidney, heart, intestine, liver, muscle, and spleen, usually contained Ͻ10 7 virus copies per gram tissue (Fig. 3) . Notably, fin tissue also contained Ͼ1.0 ϫ 10 9 NNV copies per gram tissue, matching primary tissues (brain and eye) (4, 11) . Why the fin tissue harbors such a large amount of the virus and whether fin tissue is also a primary target of NNV are intriguing issues that warrant study.
Fish dorsal fin induction and development are related to neural crest cells (19, 25) , which later develop into the peripheral nervous system, which is the target of NNV (20) . The initial site of multiplication of NNV is the spinal cord, from which the virus spreads to the brain and finally to the retina (20) . Hyperplasia can also be observed in the skin of naturally infected fish, and virus multiplication has been described for these affected epithelial cells (20) .
The collective information from previous and present studies is compatible with the suggestion that NNV infection might stem from the entry of the virus into fin epithelial cells or skin epithelial cells. After NNV enters through the fin skin into fin tissue, the virus multiplies and spreads to the circulatory system. NNV particles are ultimately distributed in primary tissues with copious amounts of NNV remaining in fin tissue, resulting in a carrier state.
Contrary to the above view, no virus particles were evident in the skin or gills following the experimental injection of NNV into the fish circulatory system (20) , which could rule out the possibility of NNV being released from a carrier host through the skin or gill. Release may instead involve the fin epithelial cells. In the wild, NNV could be released from fin epithelial cells into seawater to be horizontally transmitted to other fish. Further studies of the horizontal transmission hypothesis, such as labeling NNV with a fluorescent protein and visualizing the movement of NNV by live cell imaging, are necessary.
Currently, grouper fish have to be sacrificed, and tissues (e.g., brain or eye) must be collected for NNV detection. This holds true even if sampling is from the gills or blood (blood can be collected only from the heart in the early stage of grouper infection). The presently described sampling of fin tissue can achieve NNV detection without killing the fish. Therefore, the detection of NNV and monitoring of the amount of virus from grouper fin may provide the solution to the early prevention of NNV infection and increasing the safety level (virus free) of trade in groupers between breeding fish farms.
In real-time qPCR, a positive reaction is detected by accumulation of a fluorescent signal, which not only allows detection of the presence of the viral genome but also enables an estimate of its infectious potential. RT-PCR or the virus cultivation test alone may not detect NNV-infected groupers that have yet to display signs of NNV infection. C T is defined as the number of cycles required for the fluorescent signal to cross the threshold. C T levels are inversely proportional to the amount of target nucleic acid in the sample. The data from the C T value of NNV-infected and noninfected grouper can be used for identification and isolation of potentially infected groupers before outbreak. Lower C T values (Ͻ29) represent strong positive reactions, indicative of abundant NNV in the sample and of a higher probability of a serious outbreak of VNN. C T values of 24 to 28 represent suspected infections, while C T values of Ͼ29 are indicative of weak reactions involving minimal amounts of target nucleic acid, which could represent an environmental contamination.
In conclusion, the presently described real-time qPCR method enables detection and quantification of NNV in living grouper fish. The method can provide more information, such as the number of virus copies, and can identify latently infected fish farms better than reverse transcription-PCR. The present method is very rapid, highly sensitive, and applicable to the routine high-throughput assay, making it a suitable tool for diagnostic, epidemiological, and genetic studies of grouper aquaculture. Moreover, grouper fin can be used as the major target organ for NNV detection without the need to seriously injure or sacrifice the grouper. Therefore, the method could be applied for continuously monitoring NNV infection and also 
